White clover is frequently used as a leguminous cover crop, serving as green manure, and is also included with grasses in cattle feed mixtures. Numerous biological effects reported for clover cultivation have been attributed to the production of bioactive secondary metabolites. Thus far the presence in soil of bioactive secondary metabolites from clover has received limited attention. In this paper we examine for the first time the release of flavonoids both from field-grown white clover and from soil-incorporated white clover plants of flavonoids, as analyzed by LC-MS/MS. The dominant flavonoid aglycones were formononetin, medicarpin, and kaempferol. Soil-incorporated white clover plants generated high concentrations of the glycosides kaempferol-Rha-Xyl-Gal and quercetin-Xyl-Gal. Substantial amounts of kaempferol persisted in the soil for days while the other compounds were degraded faster. These compounds should be considered in future studies of soil fatigue, allelopathic activity, and possible environmental risks from extended clover cultivation.
Introduction
Sustainable agricultural practices include the use of leguminous plants to supply the soil with nitrogen in a crop rotation strategy to limit the use of agrochemicals. The leguminous crop white clover is frequently used as a cover crop serving as green manure and is also included in mixtures with grasses for cattle feed. Legumes that are used as cover crops or incorporated into the soil may also function as a supplement or even replacement for pesticides. Several studies have reported suppressive effects of white clover on weed pressure and diseases or unexplained failure of oversown grasses in swards dominated by clover [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Secondary metabolites have been suspected of causing these effects, and basic knowledge on the release, active or passive, of biologically active secondary metabolites from white clover is therefore much needed. Such knowledge would aid an evaluation of the importance of secondary metabolites in biological effects from white clover. The objective of this study was therefore to clarify the pattern of both flavonoid release from field-grown white clover and their leaching into soils amended with white clover plant material.
Materials and Methods

Origin of White Clover and Sampling.
Whole plants of the white clover cultivar Klondike were collected in June 2008 along with soil to a depth of 15 cm from an organically grown field in Flakkebjerg, Denmark (soil A). The soil was carefully removed from the plant material. To determine the flavonoid concentration and the relative distribution within the different plant parts, plant material from a 17 × 17 cm plot was divided into roots, stems, leaves, and flowers. The material was weighed, lyophilized, weighed again, ground to a powder, and stored at −18 • C until analysis (see Table 1 ).
Soil Data.
Soil A was collected from the field used for cultivating the clover plants as described in Section 2.1. Prior to analysis, it was sieved, lyophilized, and stored at • C and lyophilized. All plant material was manually removed from the soil sample. The soil samples were subsequently sieved and the plant samples were ground. The mean dry weight of each soil sample was 156 ± 4 g and the mean dry weight of the plant material was 1.3 ± 0.7 g. The dry weight of the plant material removed from soil samples was 0.83 ± 0.11%, indicating that nearly all plant material had been successfully separated.
Solutions and Chemicals.
Kaempferol (96%), formononetin (99%), and coumestrol (95%) were purchased from Fluka (Brøndby, Denmark). Quercetin dihydrate (98%), biochanin A (97%), and astragalin (99%), were purchased from Sigma-Aldrich (Brøndby, Denmark). Kaempferol-RhaGlc (99%) and hyperoside (99%) were purchased from Roth (Karlsruhe, Germany). Daidzein (97%) and genistein (97%) were purchased from Lancaster (Brønshøj, Denmark). Quercitrin (98.5%), rutin (99%), apigenin (99%), isovitexin (99%), saponarin (99%), luteolin (99%), luteolin-Glc (95%), luteolin-di-Glc (95%), naringenin (99%), daidzin (90%), and puerarin (99%) were purchased from Extrasynthèse (Genay, France). See Table 2 for systematic names and CAS numbers. Kaempferol-Rha-Xyl-Gal, quercetin-Xyl-Gal, and quercetin-Rha-Xyl-Gal (Table 2) were isolated from white clover, purified, and identified by their UV, mass, and NMR spectra as part of a previous study [13] . Medicarpin was obtained from Dr. Paul M. Dewick at the University of Nottingham, England. Stock flavonoid solutions of 1 g/L were prepared by dissolution in methanol and dimethylsulfoxide. Working standard solutions of the 30 compounds were obtained by serial dilution of the stock standard solutions in 35% acetonitrile and 65% MilliQ water (v/v) containing 20 mM acetic acid. Three mixed standard curves for the aglycones and two for the glycosides were generated from eight concentrations of each standard and used for quantification.
Plant and Soil Extraction and Quantification of Flavonoids by LC-MS/MS.
Each lyophilized soil or plant sample was placed in a 50 mL Falcon tube and suspended in 5 mL 70% methanol. For soil samples 5 g were used and for plant samples 0.3 g were used. The samples were sonicated for 10 min and extracted for 4 h at room temperature on an Elmi (Riga, Latvia) Intelli-Mixer at 21 rpm. After extraction, the test tubes were centrifuged at 4200 rpm for 10 min on a Heraeus (Albertslund, Denmark) Multifuge 3 S-R. The supernatant was removed, diluted 1 : 1 with MilliQ water, filtered through a Sartorius (Taastrup, Denmark) SRP 15 0.45 μm PTFE membrane filter, and quantified on an AB Sciex (Naerum, Denmark) API 2000 instrument. A Thermo Table 3 . Chromatographic peaks were assigned by comparison of retention times and MRM transitions with reference compounds.
Validation of the Analytical Method.
The limit of detection (L D ) and recovery of flavonoids from soil were estimated by spiking samples of soil B with aglycones to a concentration of 250 ng/g (dry weight) and with glycosides to a concentration of 150 ng/g (dry weight), as shown in Table 4 . The L D and recovery for both glycosides and aglycones in plant samples were estimated by spiking samples of Amaranthus hypochondriacus cv. Criolla to a concentration of 667 ng/g (dry weight). A. hypochondriacus was used because it was devoid of 23 of the 27 compounds investigated. Spiked samples were extracted as previously described, but with six replicates. The standard deviation, S, of the measured concentrations was calculated for each compound, and the L D taken as 3S. Recovery and detection limits in plants could not be determined for rutin, astragalin, quercetin, and hyperoside as these compounds were abundant in the blank sample. The analytical method was less sensitive toward kaempferol and was hampered by the instability of quercetin in solution. All other compounds were stable when kept for 74 hours at room temperature. Sample flavonoid contents were not adjusted for their recovery percentages [14] . Concentrations measured in soil were taken as the available amounts not lost to soil sorption. Finally the organic carbonnormalized sorption coefficients (K OC ) for four flavonoid aglycones were estimated using the program PCKOCWIN from the United States Environmental Protection Agency.
Results
Recovery of Flavonoids during Extraction.
Recovery values in spiked plant samples (Table 4) were between 69 and 149% for all compounds except quercetin-Rha-Xyl-Gal (173%) and luteolin (204%). Flavonoid recovery values for spiked soil samples were low by comparison, suggesting significant soil sorption.
Flavonoid Concentrations in White
Clover. The distributions of flavonoids in plants are listed in Table 5 . In decreasing order of molar quantities per dry weight, the most prominent flavonoids found were formononetin medicarpin saponarin in roots, formononetin medicarpin > quercetin-Xyl-Gal > kaempferol-Rha-Xyl-Gal in stalk and stems, quercetin-Xyl-Gal > formononetin > kaempferolRha-Xyl-Gal > medicarpin > hyperoside in leaflets, hyperoside > formononetin ≈ quercetin-Xyl-Gal > medicarpin > kaempferol-Rha-Xyl-Gal > Quercetin-Rha-Xyl-Gal in flowers, and formononetin > quercetin-Xyl-Gal > medicarpin > kaempferol-Rha-Xyl-Gal > hyperoside in whole plants. The glycosides puerarin, isovitexin, quercitrin, and kaempferolRha-Glc were detected neither in white clover plants nor in soil. Flavonoids were mainly present as glycosides in the plant samples, but the type of glycosylation differed depending on location within the plant (Table 5) .
Medicarpin and formononetin aglycones represented the majority of isoflavonoids in all parts of the plants. The concentration of aglyconic formononetin, the most abundant white clover isoflavone, varied between 0.7 mg/g in roots and 1.3 mg/g in stalks and stems (dry weight). Much higher concentrations of quercetin and kaempferol aglycones were observed in white clover flower heads than in leaflets, stalks, stems, or roots. The leaflets contained a significantly higher concentration of quercetin-Xyl-Gal than other parts of the plant.
Fate in Soil of Flavonoids Released from Living White
Clover Plants. Clover cultivation gave rise to high concentrations (all given as dry weight) of the biologically active aglycones formononetin (9114 nmol/kg), medicarpin (832 nmol/kg) and kaempferol (520 nmol/kg) as detected, in soil A. These concentrations were found in mixed soil samples from field samples where white clover was grown.
Fate of Flavonoids in Soil Amended with White Clover.
Concentrations of glycosides and aglycones resulting from leaching of flavonoids into soil amended with plant material reached their highest levels at 0-1 and 2-5 days, respectively (Figure 1) . The most abundant aglycones leached from soilincorporated clover were the same as those most released during clover cultivation (t indicates the time of concentration maxima): formononetin (10.2 mmol/kg, t = 2 days), medicarpin (3.9 mmol/kg, t = 2 days), and kaempferol (1.4 mmol/kg, t = 5 days). Additional glycosides were also detected: kaempferol-Rha-Xyl-Gal (3.4 mmol/kg, t = 5 days) and quercetin-Xyl-Gal (0.5 mmol/kg, t = 0 days). The rest of the analyzed compounds were either only present in minor amounts or not detected at all (Figure 1 ). All concentrations are given as dry weight.
Discussion
Distribution of Flavonoids in Plants.
We have previously suggested that not only flavonoids are glycosylated for storage but also the glycosides have additional biological functions within the plant [13] . It follows that measuring both aglycones and glycoside derivatives is important when investigating the role of flavonoids inside white clover plants.
The total content of flavonols was much higher than that of isoflavonoids and flavones in leaflets and flower heads of white clover plants, while isoflavonoids were more abundant in stalks, stems, and roots. The isoflavonoids and flavones probably have other biological functions than the flavonols, since it has been shown that the concentrations of the isoflavones formononetin and daidzein in roots of white clover increased in response to infection with the root pathogen Pythium ultimum [15] . Previous reports of total isoflavone concentrations in white clover plants ranged between 0.09 and 1.0 mg/g dry weight [12, [16] [17] [18] [19] , with isoflavonoids predominantly occurring as glycoside conjugates [20, 21] , and formononetin glucoside-(di)-malonate(s) and medicarpin-glucosidemalonate being the major isoflavonoids in white clover plants [19, 21] . In our study we did not quantify sugar conjugates of formononetin or medicarpin, but the concentrations of the aglycones of those two compounds were high compared to previous reports. The elevated concentrations were possibly a result of differences between cultivars, analytical methods, or growing conditions. Alternatively, the formononetin and medicarpin glycosides may have undergone hydrolysis before or during analysis.
Hyperoside concentrations represented a large portion of the total flavonoid content in white clover flower heads (Table 5 ) which was consistent with previous reports of hyperoside in flowers [13, 22] . Hyperoside, quercetin-(6 -Oacetyl)-3-O-galactoside (quercetin acetyl-Gal), and myricetin-3-O-galactoside (myricetin-Gal) have been reported as the major flavonoids of white clover flowers [22] , and hyperoside was also reported as one of the major flavonoids from flowers of an experimental population selected for high prodelphinidin content [23] , suggesting a correlation between the two.
In keeping with our previous findings [13] the concentrations of quercetin and kaempferol aglycones found in white clover flower heads were much higher than those found in leaflets, stalks, stems, or roots (see Table 5 ). Flavonol aglycones have been isolated and identified as the active compounds required to produce functional pollen tubes in CHS200 deficient petunia, with the activity being highest for kaempferol and isorhamnetin, followed by quercetin and myricetin [24] . The high concentrations of quercetin and kaempferol aglycones in flower heads are therefore likely due to the participation of those compounds in pollen fertility. Leaflets of the cultivar Klondike had a significantly higher concentration of quercetin-Xyl-Gal than other parts of the plant. Similarly, we previously reported the relative concentration of quercetin-Xyl-Gal and kaempferol-Xyl-Gal in leaflets and stalks rather than flower heads [13] . Other studies have shown that the most abundant flavonoids in white clover leaves were quercetin and kaempferol derivatives, with quercetin-Xyl-Gal and kaempferol-Xyl-Gal being the most important in UV-B-irradiated plants [25, 26] . Notably, these flavonoids were also shown to protect against UV-B-induced stress, and their location in leaflets is consistent with a need for UV-B stress response there. The concentrations of quercetin and kaempferol glycosides (see Table 5 ) were comparable to those reported for UV-B-irradiated plants, while much lower concentrations were found in control plants [25] , suggesting that differences among cultivars, growing conditions, and analytical methods may overshadow a putative UV response. Quantitative HPLC analysis using diode array detection of plant metabolites as performed in the cited studies is often subject to severe matrix interferences that may be unavoidable even after preprocessing by solid phase extraction [27] .
Fate in Soil of Flavonoids Released from Living White
Clover Plants. When roots actively release chemical compounds, they may regulate the resident microbial community in the soil, promoting beneficial symbioses that inhibit the growth of competing plant species [28, 29] . Even higher concentrations may have been found if soil samples had been collected nearer to the roots. Formononetin can stimulate growth of white clover shoots and colonization and nodule number of an arbuscular-mycorrhizal fungus [30] , and both formononetin and medicarpin can inhibit radial growth of pathogenic fungi [31] . The release of these compounds can thus significantly affect the growth of white clover. Differences in the capacity and mechanism of release of these compounds by the variety of white clover cultivars require further study. It is likely, however, that the measured compounds were exuded from Trifolium roots without microbial modification as they are known to occur in planta [13] . 
Fate of Flavonoids in Soil Amended with White Clover.
Flavonoids from the white clover cultivar Klondike were leached from plant material after incorporation into the soil. The degradation of most flavonoid glycosides in the soil occurred rapidly and coincided with increased abundances of the aglycones. We previously reported that the soil concentrations of most flavonoids for the cultivars Aran and Rabani were, respectively, 1.7 and 2.5 times that for Klondike [13] . Depending on cultivar and growth conditions, flavonoid concentrations in different soil environments can therefore be higher than those observed in this study.
The free aglycone kaempferol, detected in the soil after incorporation of white clover plants, probably leached into the soil in its free form and was most likely formed after degradation of kaempferol-Rha-Xyl-Gal and kaempferolXyl-Gal. The latter compound was not included in this study as a standard was unavailable. Carlsen et al. [13] , however, previously showed that this compound was one of the major white clover flavonoids. The highest concentration of kaempferol was found on day 5 (1355 nmol/kg dry weight) after which it decreased slightly before rising once again. The residence time of kaempferol in soil remains to be investigated but possible effects of kaempferol or its derivatives on subsequent crops should not be discounted, since kaempferol has been shown to inhibit mitochondrial phosphorylation in corn, protoplasmic streaming in oat root hairs [32] [33] [34] , and ATP formation in mitochondria of cucumber hypotyls and roots, maize coleoptiles, and pea roots [32] . Whether kaempferol autotoxicity is a factor in clover soil fatigue should be investigated. Upon incorporation of clover plants into the soil, the formononetin concentration nearly doubled to reach a maximum between days 3 and 5. This may have been due to the release and subsequent degradation of formononetin glycosides from the clover plants. Formononetin glycosides were not measured in this study, but several formononetin-glucoside-(di)-malonate(s) are known to be major isoflavonoids in white clover [19, 21] . In several cases, formononetin has been shown to be degraded to daidzein in environments dominated by bacteria or fungi [12] . The time lag observed between the maximum concentrations of these compounds (t = 2 versus t = 5 d, Table 6 ) may have arisen because the degradation of formononetin caused a second, larger, maximum in the daidzein concentration. The first maximum in the daidzein concentration, by contrast, probably stemmed from the degradation of glycoside daidzin. The concentration of medicarpin increased from day 0-3 and then decreased rapidly. The capacity of formononetin and medicarpin to exert their important positive effects on white clover growth and arbuscular-mycorrhizal colonization appears therefore only to exist during the early stages, or when released during growth.
The concentration of Quercetin-Xyl-Gal decreased rapidly from day 0 to day 3. No quercetin was shown to arise in response to the degradation of the glycosylated form, but this was likely due to the low recovery of quercetin from soil (Table 4) .
Environmental Risks from Flavonoids.
The most abundant flavonoid aglycones detected in the soil were formononetin, medicarpin, and kaempferol. The total concentrations of these compounds in soils amended with white clover plants, were almost certainly higher than those actually determined in this study. The recovery experiment suggested significant soil sorption as reflected in the diminished extractable concentrations. Though detection of the quercetin aglycone was poor, high concentrations of the glycoside were found and this flavonoid should be included in future studies. The K OC values for these four aglycones as estimated using PCKOCWIN were as follows: Kaempferol, 327; quercetin, 510; formononetin, 1600; and medicarpin, 33570. In comparison, an experimental K OC value of 1318 has been reported for formononetin [35] . Leaching of kaempferol and quercetin to groundwater is therefore likely and should be included in overall risk assessments in the future, remembering that synthetic pesticides are not the only compounds that can have negative health effects on agricultural practices or humans.
